Abstract: Planar broad-area single-mode lasers, with modal widths of the order of tens of microns, are technologically important for high-power applications and improved coupling efficiency into optical fibers. They may also find new areas of applications in on-chip integration with devices that are of similar size scales, such as for spectroscopy in microfluidic chambers or optical signal processing with micro-electromechanical systems. An outstanding challenge is that broad-area lasers often require external means of control, such as injection-locking or a frequency/spatial filter to obtain single-mode operation. In this paper, we propose and demonstrate effective index-guided, large-area, edge-emitting photonic crystal lasers driven by pulsed electrical current injection at the optical telecommunication wavelength of 1550nm. By suitable design of the photonic crystal lattice, our lasers operate in a single mode with a 1/e 2 modal width of 25μm and a length of 600μm .
Introduction
For more than three decades, structures with spatially periodic dielectric constants have played a crucial role in engineering the propagation and confinement of optical waves [1] . More recently, photonic crystals, which typically refer to structures with periodicities in two or more dimensions, have garnered significant interest [2] , [3] . Chip-scale photonic crystals are usually fabricated in high refractive index contrast material systems (e.g. semiconductor with air holes) for the tight confinement of the optical field beyond the limits of total internal reflection. In particular, photonic crystal defect cavity lasers have been demonstrated as highly compact, coherent sources of light [4] . However, to achieve the large index contrast required by these devices, suspended membranes are often required, making these lasers structurally less robust and rendering the problem of heat dissipation. In consequence, there have been relatively few reports of electrically driven photonic crystal lasers [5] , [6] , [7] , [8] , which are essential for the optoelectronic integration of photonic crystal devices.
Most on-chip photonic crystal lasers to date use Bragg reflection to select the lasing mode and are vertically emitting. In general, photonic crystal structures can support two different kinds of modes: Bragg-guided and effective index-guided. For Bragg-guided modes, light is confined by Bragg reflection arising from a photonic bandgap in the transverse directions [9] . Electrically pumped semiconductor photonic crystal lasers with Bragg-guided modes have been demonstrated in surface emitting structures with both low index contrast [5] and high index contrast [7] . In our previous work [8] , we have shown some preliminary results of electrically pumped, edge-emitting semiconductor lasers with cross defects based on Bragg-guided modes. For effective index-guided modes, confinement in the transverse direction is due to the index difference between the core and the effective medium formed by the periodic structure in the cladding. In photonic crystal fibers, the effective index guiding mechanism can be used to design single-mode fibers with large modal areas over a wide range of wavelengths [10] .
In this work, we describe photonic crystal lasers with low index contrast that operate under a pulsed electrical current injection. These are edge-emitting devices and are well-suited for planar integration. We show that it is possible to find a regime where effective index guiding and Bragg reflection couple strongly resulting in a hybrid mode with a large volume and reduced group velocity and thus an enhanced gain. In contrast to conventional distributed feedback (DFB) lasers, the lasing mode frequency is away from the Brillouin zone edge of the photonic crystal [11] , [12] . Figure 1 shows a schematic of our two dimensional photonic crystal laser. The surface structure consists of a rectangular lattice array of polymer-filled holes with a waveguide core on the wafer surface. The active multiple-quantum-well layers are underneath the photonic crystal layer. The photonic crystal lattice consists of about ∼ 10 6 nanoscale holes each with a radius of 100nm. Light is confined in the vertical direction by total internal reflection. The size of the electrical contact is 600μm × 160μm (length × width). The refractive index contrast between the etched hole and unetched region is on the order of 10 −2 , which is about two orders of magnitude smaller than conventional photonic crystals but also two orders of magnitude larger than a single-mode step-index waveguide of comparable dimensions. The fabrication procedure consists of a series of lithography, etching, planarization, and metallization steps (see also the Appendix). First, the photonic crystal lattice is defined using electron-beam lithography and etched into the surface of the wafer. The etch depth of 410nm is chosen to obtain the desired refractive index contrast and avoid etching through the quantumwells. Next, we planarize the structure by depositing a layer of polyimide and etching it back until the device surface is exposed. The planarization is necessary to reduce the optical losses from the metallic contacts and to obtain good contact quality. The top (p-side) contact is then deposited onto the lasers by metal evaporation and lift-off. The devices are then mechanically thinned, and the n-side contact is deposited. Finally the laser bars are separated from the wafer by cleaving. Figure 2 shows scanning electron microscope (SEM) images of a photonic crystal laser after the polyimide planarization.
Results

Laser design and fabrication
We fabricate lasers with various lattice constants and core widths and test them at room temperature in pulsed operation without active cooling. Current pulses with a duration of 100ns and a period of 10μs are injected to drive the lasers (see also the Appendix). Single-mode lasing, with a single peak in the spectrum, a single lobe in the near-field profile, and a diffraction- limited far-field pattern, is achieved. First, we test a set of lasers with a transverse lattice constant, a, of 1μm, core width of 1.5μm, and longitudinal lattice constant, b, ranging from 400nm to 500nm in 20nm steps. Single-mode lasing is observed for b = 400nm. To explore this effect in greater detail, we next test two sets of lasers with a = 1μm and a = 0.8μm, with waveguide core widths of 1.5μm and 1.2μm, respectively. For each set of lasers, b is varied from 390nm to 410nm in 10nm steps. 
Measurements of the L-I curve and lasing spectra
Figure 3 (a) shows the light-current density curve (average power verse peak current density) for the PC laser with a = 1.0μm and b = 400nm. It has a clear threshold around 890A/cm 2 . Using the fact that light is only collected from one facet and the duty cycle of the current pulse is 0.01, we calculate a slope efficiency of 0.1W /A (average power verse average current). Other lasers with different lattice constants have similar L-I curves with clear thresholds. Figure 3 (b) shows the measured optical spectra for different photonic crystal lattices. These spectra are obtained for devices on the same cleaved bar under the identical pump current density level J = 1.1J th . The laser with a = 1μm and b = 400nm shows a single peak in the lasing spectrum, while the other lasers exhibit multiple peaks. The side mode suppression ratio for the single-mode laser is about 30dB. We also have measured the single-mode lasing spectrum at different positions along the emitting facets and obtained the same results. For the multimode lasers, the free spectral range (FSR) is about 0.6nm, in agreement with a laser length of 600μm. The FSR suggests that these emission peaks arise from the longitudinal modes of the laser defined by end facets. The lasing wavelength for the single-mode laser is near 1543.8nm, while the highest lasing peaks for other two lasers with the same transverse periodicity but a different longitudinal period are around 1541.2nm and 1544.8nm respectively. This indicates the lasing wavelength is determined by the lattice geometry of the photonic crystal rather than the material gain spectrum. The spectrum of the single-mode laser has two very closly spaced peaks near threshold, similar to a DFB laser. As the pump current increases, the mode at the longer wavelength (1543.8nm) dominates. The single-mode behavior is maintained until J = 1.5J th . 
Measurements of the lasing near-and far-fields
Figure 4 (a) shows near-field profiles for some tested devices above the threshold. As shown in Fig. 4 (a) , the near-field of the single-mode laser has a clear single lobe centered at the core in the middle of the metal contact, which suggests that only one transverse mode exists. The 1/e 2 modal width from the near-field profile is ∼ 25μm. In contrast, the multi-mode lasers have multiple lobes along the cleaved facet including the lobe at the core. Multi-lobed near-field profiles are always accompanied by a multi-peaked laser spectra, which indicates that more than one transverse mode can oscillate in the multi-mode lasers.
In addition to the single lasing peak and the single-lobed near-field, the single-mode laser also possesses a diffraction-limited single-lobed far-field pattern with a divergence angle of 2.9 o . The measured far-field profile for this laser is shown in Fig. 4 (b) and it is similar to that of a large-area index-guided ridge waveguide mode. This implies effective index, rather than Bragg reflection is the main waveguiding mechanism for the lasing mode. Since the contact width is bigger than the lasing modal width, there are some tails in both the near-field and far-field profiles. We also expect more robust and efficient single-mode output if we match the contact with the lasing modal width.
Numerical simulations of the single-mode photonic crystal laser
In general, the effective index guiding mechanism alone does not guarantee single-mode operation since all of the tested laser geometries support effective index-guided modes. To explain quantitatively the single-mode lasing spectrum in Fig. 3 , we employ a two dimensional frequency-domain supercell method [13] and numerically solve for modes that are localized in the core. Our supercell consists of 50 photonic crystal unit cells on each side of the core, with the same geometry as the single-mode laser. Since the multi-layer quantum well structures give preferential gain to TE modes of our system, we restrict ourselves to TE modes (H-field out-of-plane) in the simulation.
The results from the simulation are summarized in Fig. 5 . The dispersion curve of indexguided modes is shown in Fig. 5 (a) (red circle). It has a mini-bandgap, with details shown in the inset, in close vicinity of b/λ 0.2535, which is approximately corresponding to the lasing wavelength of the single-mode laser. The black dotted lines in Fig. 5 (a) represent the band structure of the photonic crystal cladding (the photonic crystal structure without the defect core). Fig. 5 (b) and (c) show the associated H-fields at various points of the dispersion curve. Around the mini-gap the field is delocalized (Fig. 5 (c) ) and the group velocity is reduced ( Fig.  5 (d) ). It is the reduction of group velocity around the mini-bandgap that contributes to the single-mode lasing observed in Fig. 3 .
The origin of the mini-bandgap of the dispersion curve of index-guided modes is the coupling between effective index-guided modes and a particular order of Bragg reflection from the cladding photonic crystal. For modes away from the mini-bandgap in Fig. 5 (a) , such as at points (1) and (3), the field profiles have a main lobe slowly varying on the scale of the unit cell and thus resemble fundamental ridge waveguide modes. Within the simplest approximation, these modes can be described as plane waves with no transverse components. In the vicinity of the mini-bandgap, this plane wave is scattered by the photonic crystal cladding. The scattering process is best illustrated using the band structure of the cladding photonic crystal. At the Bloch wavenumber K x = 0, the dispersion relation of the photonic crystal cladding (dotted lines in Fig. 5 (a) ) shows that near the frequency of the mini-bandgap of the photonic crystal waveguide dispersion relation, there is an anti-crossing between the photonic crystal bands.
Physically, this anti-crossing corresponds to the situation where the forward/backward propagating plane wave is scattered sideways. In the limit of weak coupling, the cladding dispersion curve in Fig. 5 (a) consists of lines with b/λ = (b/2π) (2π p/a)x + (2πq/b + K y )ŷ (where K y is the Block wavenumber in the y direction and p, q are integers) and small anti-crossings between them. Around the mini-bandgap, the phase-matching condition is satisfied as plane waves with wavevector k = (−2π/b + K y )ŷ and k = (±4π/a)x + (K y )ŷ are coupled by the reciprocal lattice vectors G = ± (4π/a)x ± (2π/b)ŷ). Detailed discussions are included in the Appendix.
Discussion
For the structures with different geometries in Fig. 3 , the location of the mini-gap will be at a different frequency. As a result, the reduction in group velocity will be at a frequency that is far away from the peak of the gain spectrum of the laser material. Thus, a single mode is not necessarily preferred for laser oscillation.
The feedback effect we have described differs from a conventional DFB laser. In a DFB, a grating couples a forward propagating index-guided mode couples to its backward propagating counterpart without adding any transverse component and the laser oscillates at the Brillouin zone edge (K y = π/b). Operation at λ 0 = 1.54μm corresponds to a photonic crystal lattice with b = 480nm and a = 1.0μm when the second order Bragg reflection condition in the longitudinal direction is satisfied. However, single-mode lasing is not observed in that case, which may be attributed to multiple modes with similar gain at that Brillouin zone edge and the increased vertical out-of-plane loss accompanying the second order Bragg reflection [14] , [15] . To achieve single-mode operation using conventional DFB feedback, first order Bragg gratings, which possess a shorter period and are thus more difficult to define lithographically, are necessary.
In summary, we have demonstrated a new type of electrically-pumped, edge-emitting, largearea photonic crystal lasers. Single-mode operation was achieved by combining the transverse confinement provided by an effective index-guiding mechanism with the longitudinal mode selection provided by the Bragg reflection from the photonic crystal cladding. Our devices represent important first step toward using photonic crystals in a different way for modal control in planar optical circuits. K x and K y are Bloch wavenumbers. In Eq. (1), c is the speed of light in vacuum, n avg is the average refractive index for the photonic crystals, and a (b) is the transverse (longitudinal) lattice constant, and p, q are integers. Each line in Fig. 6 is associated with a particular pair of (p, q), and they represent planes waves with different wavevectors propagating inside the structure. For example, when (p, q) = (0, 0) we have ω = (c/n avg )|K y |, which represents plane waves propagating in the ±ŷ direction; when (p, q) = (±1, 0) we have ω = (c/n avg ) (2π/a) 2 + K 2 y , which represents planes waves with both forward (ŷ) and transverse (x) components. At the crossing points of the dispersion relation, two (or more) modes with different wavevectors are coupled together, and phase matching conditions in space and time are satisfied simultaneously. Of particular interest is the crossing denoted by the purple dot in Fig. 6 , where plane waves with no transverse components (with ω = (c/n avg )(2π/b − K y )) are coupled to plane waves propagating sideways (with ω = (c/n avg ) (4π/a) 2 + K 2 y ). This coupling is mediated by the lattice vectors G = (±4π/a)x ± (2π/b)ŷ. We illustrate this coupling with the wavevector diagram shown in Fig. 7 .
